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Summary 
The chaperonin GroEL is a large, double-ring structure 
that, together with ATP and the cochaperonin GroES, 
assists protein folding in vivo. GroES forms an asym- 
metric complex with GroEL in which a single GroES 
ring binds oneend of theGroEL cylinder. Cross-linking 
studies reveal that polypeptide binding occurs exclu- 
sively to the GroEL ring not occupied by GroES (trans). 
During the folding reaction, however, released GroES 
can rebind to the GroEL ring containing polypeptide 
(cis). The polypeptide is held tightly in a proteolytically 
protected environment in cis complexes, in the pres- 
ence of ADP. Single turnover experiments with orni- 
thine transcarbamylase reveal that polypeptide is pro- 
ductively released from the cis but not the tram 
complex. These observations suggest a two-step 
mechanism for GroEL-mediated folding. First, GroES 
displaces the polypeptide from its initial binding sites, 
sequestering it in the GroEL central cavity. Second, 
ATP hydrolysis induces release of GroES and produc- 
tive release of polypeptide. 
Introduction 
Protein folding in the cell is assisted by a class of proteins, 
termed molecular chaperones (Gething and Sambrook, 
1992; Morimoto et al., 1994). Particular attention has been 
paid to the chaperonin ring family of molecular chaperones 
because of their ability to mediate ATP-dependent folding 
of polypeptides to the native state. Chaperonins are a class 
of ubiquitous and abundant proteins that form large, toroi- 
dal complexes. The best characterized chaperonin, GroEL 
from Escherichia coli, is composed of two heptameric rings 
of 57 kDa subunits stacked back to back. The full function 
of GroEL is dependent on the cochaperonin GroES. 
GroES is an essential protein composed of a single hep- 
tameric ring of 10 kDa subunits that forms a 1:l complex 
with GroEL by binding one end of the GroEL cylinder (Sai- 
bil et al., 1991; lshii et al., 1992; Langer et al., 1992). 
*Present address: Technion Institute, Haifa 32000, Israel. 
GroEL can form a tight complex with a wide variety of 
unfolded proteins, but has little affinity for native proteins 
(Landry and Gierasch, 1994). Electron microscopic and 
mutagenesis studies indicate that nonnative polypeptides 
are held within the central cavity formed by the GroEL 
rings (Langer et al., 1992; Braig et al., 1993; Fenton et 
al., 1994). Addition of ATP is sufficient in vitro to promote 
the productive release of a number of GroEL-bound poly- 
peptides, even in the absence of GroES (e.g., Laminet 
et al., 1990; Martin et al., 1991; Viitanen et al., 1991). 
Moreover, for a few proteins, ATP hydrolysis is not re- 
quired for productive release (e.g., Viitanen et al., 1991; 
Mizobata et al ., 1992; Corrales and Fersht, 1995). Ostensi- 
bly, these observations suggest that GroES binding and 
ATP hydrolysis act to modulate the function of GroELwithout 
fundamentally changing the nature of the folding reaction. 
Several observations, however, emphasize the physio- 
logical requirement for GroES and suggest that a GroEL- 
mediated folding reaction in the presence of GroES and 
ATP is qualitatively different from one in their absence. 
First, GroES is essential under all growth conditions (Fayet 
et al., 1989). Second, for proteins for which overexpres- 
sion of GroEL increases the yield of the native state in 
vivo, cooverexpression of GroES is also required (e.g., 
Fayet et al., 1986; Goloubinoff et al., 1989; Gordon et al., 
1994). Third, the productive release of substrates from 
GroEL in vitro in the absence of GroES occurs only for 
substrates and buffer conditions where substantial spon- 
taneous folding can be observed (Schmidt et al., 1994a). 
Moreover, GroEL-mediated folding in the absence of 
GroES is generally a slow process compared with sponta- 
neous folding (e.g., Martin et al., 1991; Viitanen et al., 
1991; Corrales and Fersht, 1995). This suggests that the 
enhanced yield of native protein observed in vitro in the 
presence of GroEL alone is due to a buffering effect by 
which the efficiency of folding is increased by lowering 
the concentration of aggregation-prone folding intermedi- 
ates in solution. By contrast, in the presence of GroES, 
folding rates are generally comparable to the rate of spon- 
taneous folding and, in some cases, substantially faster 
(Todd et al., 1994; Peralta et al., 1994). 
It is not well understood how GroES allows GroEL to 
support folding under conditions where spontaneous fold- 
ing is not possible. GroES has been observed to increase 
the cooperativity of both ATP binding and hydrolysis (Gray 
and Fersht, 1991; Bochkareva et al., 1992; Jackson et al., 
1993; Todd et al., 1994). This increased cooperativity has 
been postulated to play an important role in coordinating 
release of polypeptides. Also, cryoelectron microscopic 
studies indicate that binding of GroES induces a large 
conformational change in the GroEL ring to which it is 
bound, resulting in a dramatic increase in the volume of 
the central cavity (Chen et al., 1994). Finally, mutational 
analysis suggests that GroES and polypeptide share a 
common hydrophobic binding site on GroEL (Fenton et 
al., 1994). 
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Figure 1. Topology of Polypeptide and GroES 
Binding Examined by Photocross-Linking 
(A) Illustration of procedure used to mark the 
GroEL ring not bound by GroES. The hatched 
cap-like structure represents GroES, and the 
open double-ring structure represents GroEL. 
As noted by Langer et al. (1992) PK treatment 
of the asymmetric GroEL-GroES complex re- 
sults in removal of 16 residues (curly lines) from 
the carboxyl terminus of the GroEL subunits of 
the ring not in contact with GroES, making it 
possible to distinguish the GroEL ring bound 
by GroES (uncut) from the unbound ring (cut) 
by SDS-PAGE, as shown in the right-most 
panel. 
(B) Chemical structure of [Y]APDP and sche- 
matic diagram of cross-linking strategy. 
[‘ZSI]APDP, denoted by asterisks, is attached 
via a disulfide bond to the cysteine residues of 
an unfolded substrate protein, denoted by a 
wavy line. A complex is formed between the 
substrate protein and GroEL, and a cross-link 
is induced by UV irradiation (hv). Treatment 
with a reducing agent, DTT, then cleaves the 
disulfide bond between substrate and cross- 
linker, thereby completing the transfer of cross- 
linker and its Y label. 
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(C) Binding of two substrate proteins, OTC and 
rhodanese (p), to a PK-marked GroEL-GroES 
complex. The first and third lanes, denoted Ml 
and M2, serve as size markers, to illustrate 
where uncut and cut GroEL migrate, respec- 
tively. The order of addition in the experiment is 
indicated over the middle lane, which contains 
the experimental result, as well as diagramati- 
tally to the right. Note, radiolabeling ofthe sub- 
strate proteins (OTC, p) results from formation 
of intramolecular cross-links. 
(D) As in (C), except that the PK marking was 
carried out as the final step, rather than before 
addition of substrate. In this case, some label- 
ing of uncut GroEL is observed. This could 
have resulted from the release and rebinding 
of a fraction of the GroES molecules during 
the peptide binding and PK treatment, before 
cross-linking (Martin et al. , 1993) or from inter- 
ference by bound’peptide fragments with the 
completeness of GroEL proteolysis (Hlodan et 
al., 1995). 
(E) Cross-linking after addition of GroES to a preformed polypeptide-GroEL complex. Note that, in contrast with (D), a fraction of the substrate 
(OTC, p) remains undigested. 
(F) As in (E), with the exception that PK treatment was carried out prior to photocross-linking. The small amount of labeling of the cut ring may 
reflect continued binding of proteolytic fragments of the APDP-labeled polypeptide (Hlodan et al., 1995). 
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It has been unclear, however, whether a polypeptide 
and GroES can ever form a cis ternary complex in which 
they occupy the same GroEL ring. Some earlier biochemi- 
cal studies have argued for the existence of the cis com- 
plex (Bochkareva and Girshovich, 1992; Martin et al., 
1993), although its functional significance was not exam- 
ined. By contrast, electron microscopic studies to date 
have detected only trans ternary complexes, in which 
GroES and polypeptide occupy opposite rings of GroEL 
(Chen et al., 1994; lshii et al., 1994). 
Here, we use photocross-linking and limited proteolysis 
to determine the topology of GroES and polypeptide bound 
toGroEL. These studies indicate that both the &and trans 
ternary complexes are formed during a folding reaction. 
Single turnover experiments with cis or Vans complexes 
of ornithine transcarbamylase (OTC), however, reveal that 
productive folding occurs exclusively from the cis complex. 
Results 
Polypeptides Are Bound by a GroEL-GroES 
Complex in trans to GroES 
In the presence of ADP, GroEL and GroES form a highly 
stable asymmetric bullet-shaped complex in which a sin- 
gle ring of GroES binds one end of the GroEL double toroid 
(Figure 1A). This asymmetric structure has high affinity 
for nonnative polypeptide and is thought to act as the poly- 
peptide acceptor state. Langer et al. (1992) have observed 
that, when the asymmetric GroEL-GroES complex is sub- 
jected to limited proteolysis by proteinase K (PK), 16 resi- 
dues are cleaved from the carboxyl terminus of the GroEL 
monomers in the ring opposite to that bound by GroES. 
This cleavage makes it possible to distinguish experimen- 
tally between the two rings by polyacrylamide gel electro- 
phoresis (PAGE) (Figure l), but does not significantly alter 
the function of the complex or the affinity for polypeptides 
(e.g., see Figure 4 in Weissman et al., 1994). 
Using a “hit and run” cross-linking approach, we exam- 
ined which GroEL ring in the asymmetric GroEL-GroES 
complex binds polypeptide. For these studies (Figure 1 B), 
a radioiodinated form of the heterobifunctional cross-linker 
N-[4-(p-azidosalicylamido)butyl]-3’(2’-pyridyldithio) propio- 
namide (APDP) was attached via a reducible disulfide 
bond to the cysteine residues of two well-characterized 
GroEL substrates, the 36 kDa protein OTC (Zheng et al., 
1993) and the 33 kDa protein rhodanese (Martin et al., 
1991; Mendoza et al., 1991). Unfolded substrate bearing 
the cross-linker was bound to an asymmetric GroEL- 
GroES complex in which the GroEL ring opposite to the 
ring in contact with GroES had been marked by proteolytic 
clipping (Figure 1C). A cross-link between substrate and 
GroEL was then induced by ultraviolet (UV) irradiation. 
The GroEL was recovered by high pressure liquid chroma- 
tography (HPLC) gel filtration, and the cross-linked GroEL 
subunits were identified by SDS-PAGE under reducing 
conditions, which break the substrate-cross-linker bond, 
followed by autoradiography. 
These photocross-linking studies demonstrated that 
polypeptide binding occurred exclusively to the GroEL ring 
Pans to GroES (Figure lC, center lanes). Only the cut 
GroEL ring (i.e., the ring opposite to that in contact with 
GroES) was labeled by the cross-linker. Similarly, when 
substrate was bound and cross-linked to the GroEL- 
GroES complex prior to marking with PK, -75% of the 
label from the cross-link was on the cut ring (Figure 1 D, 
center lanes), indicating that the preference of substrate 
for binding to the trans ring of GroEL was not a result of 
the PK pretreatment. 
Addition of GroES after Polypeptide Results in the 
Sequestering of a GroEL-Bound Polypeptide 
In the presence of ATP, the GroEL-GroES complex is 
highly dynamic, as hydrolysis of ATP induces the release 
of GroES (Martin et al., 1993; Todd et al., 1994). Thus, 
even if peptide is initially bound to the GroEL ring opposite 
to GroES, it remains possible that rebinding of GroES can 
occur on the same side as that occupied by peptide. To 
test this possibility, a polypeptide bearing cross-linker was 
bound to GroEL in the absence of GroES. A stable GroEL- 
GroES-polypeptide ternary complex was then formed by 
the addition of GroES, and a cross-link was induced by UV 
irradiation. The GroEL ring opposite to that bound by 
GroES was then marked by PK treatment. In contrast with 
the previous experiment, in which peptide was added after 
GroES, we then found that both the cut and uncut GroEL 
rings were labeled with cross-linker with about equal effi- 
ciency (Figure 1 E, center lanes). Thus, binding of GroES 
occurred efficiently to both the opposite ring, as well as 
the same ring, as that occupied by polypeptide. Consistent 
with this observation that polypeptide and GroES can oc- 
cupy the same ring of GroEL, a cross-link has been ob- 
served between a GroEL-bound protein and GroES 
(Bochkareva and Girshovich, 1992; data not shown). 
Intriguingly, under conditions where GroES and poly- 
peptide could occupy the same GroEL ring (i.e., when 
polypeptide is added prior to GroES), a fraction of the OTC 
and rhodanese remained undigested, even though the 
complex had been subjected to PK treatment (Figure 1 E). 
The observed proteolysis protection was unexpected, as 
polypeptides are generally highly susceptible to proteoly- 
sis when bound to GroEL (Martin et al., 1991). Moreover, 
this proteolysis protection was not a consequence of fold- 
ing of the substrate or formation of a nondigestible precipi- 
tate since, prior to SDS-PAGE analysis, the samples had 
been subjected to HPLC gel filtration, indicating that the 
proteolytically protected substrate remained associated 
with GroEL. Notably, this proteolysis protection was not 
observed under conditions in which peptide is bound only 
in trans to GroES (i.e., when the substrate was added after 
GroES) (Figure 1 D). 
To follow quantitatively the proteolysis protection ob- 
served above, we examined the effect of order of addition 
of polypeptide and GroES on the rate of proteolysis of sub- 
strate that had been metabolically labeled with [%]methi- 
onine (Figure 2). For these studies, three complexes were 
formed: a radiolabeled substrate-GroEL complex in the 
absence of GroES (complex i); a complex in which radiola- 
beled substrate was bound to a preformed complex be- 
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Figure 2. Effect of Order of Addition of GroES and Substrate on Pro- 
tection of Substrate from Proteolysis 
Unfolded %4abeled polypeptides were diluted into a mixture with 
GroEL either before or after addition of GroES and Mg-ADP. As a 
control, polypeptides were added to GroEL alone. The mixtures were 
treated with PK (ZOO nglml) for varying times. Digestion was halted 
by addition of PMSF, and the products were analyzed by SDS-PAGE, 
and the relative amount of full-length polypeptide was quantitated on 
a phosphorimager. 
(A) Time course of OTC proteolysis. 
(B) Time course of rhodanese (p) proteolysis. 
(C) Time course of methylmalonyl CoA mutase (mutase) proteolysis. 
(D) Schematic illustrating the interpretation of the results; molecules 
represented as in Figure 1. 
tween GroEL and GroES (complex ii); a complex in which 
labeled substrate was first bound to GroEL and then 
GroES was added (complex iii). For all three complexes, 
the rate of disappearance of full-length OTC and rho- 
danese was determined. Both in the absence of GroES 
(complex i) and when GroES was added prior to substrate 
(complex ii), all of the OTC or rhodanese was found to be 
rapidly digested (Figures 2A and 28). By contrast, when 
substrate was added prior to GroES (complex iii), - 30% 
of bound OTC and -40% of bound rhodanese molecules 
were protected from proteolysis (Figures 2A and 28). In 
contrast, no protease resistance was observed with a 
larger protein, the 79 kDa subunit of methylmalonyl coen- 
zyme A (CoA) mutase, even when it was added prior to 
GroES (Figure 2C). These observations suggest that the 
79 kDa mutase was too large to be accommodated under 
GroES (see Discussion). 
In the above studies, proteolysis protection was ob- 
served only with the same addition order (polypeptide prior 
to GroES) in which cross-linking studies indicated a frac- 
tion of the polypeptide molecules was bound on the same 
GroEL ring as GroES. These complementary observations 
suggest strongly that the proteolysis protection is due to 
sequestering of peptide under GroES in the central cavity 
of GroEL (Figure 2D). To test this directly, either OTC or 
rhodanese bearing cross-linker was bound to GroEL, and 
then GroES was added. Rather than inducing a cross-link 
immediately, as in the previous experiments (see Figure 
1 E), the samples were first treated with PK to remove the 
fraction of the substrate molecules that was susceptible 
to proteolysis; only then was a cross-link induced between 
the proteolytically protected substrate and GroEL. In this 
case, we found that, as would be predicted if the proteoly- 
sis protection resulted from sequestering of polypeptide 
under GroES, the large majority (>75%) of the label from 
the cross-linker was on the uncut GroEL (i.e., the ring 
bound by GroES; see Figure 1 F). Further support for the 
proposal that the observed proteolysis protection results 
from sequestering of a polypeptide under GroES is pro- 
vided by the observation that addition of EDTA, which in- 
duces the release of GroES, restores the proteolytic sensi- 
tivity to the peptide (data not shown). 
Polypeptide Sequestered under GroES 
Is Held Tightly 
We next sought to assess the flexibility of substrate poly- 
peptides while bound to GroEL by examining the polariza- 
tion anisotropy of fluorescent reporting groups on the 
polypeptides. Two fluorescent probes were used: pyrene, 
attached to the cysteine residues of rhodanese, or the 
naturally occurring tryptophan residues of OTC. Pyrene 
has a relatively long lifetime (- 200 ns), allowing motion to 
be probed on this timescale, while tryptophan was chosen 
because it could be examined without modifying the sub- 
strate. The use of tryptophan was made possible by the 
absence of tryptophan from either GroEL or GroES. Con- 
sistent with the ObSeNatiOn that substrate proteins form 
a tight binary complex with GroEL, the anisotropy of both 
pyrene-labeled rhodanese and OTC increased dramati- 
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Figure 3. Productive Folding of OTC from cis and trans Ternary Com- 
plexes 
Ternary cis and bans complexes of unfolded OTC, GroEL, and GroES 
were formed in the presence of ADP as described in Experimental 
Procedures. For (A), the ratio of GroES to GroEL was 21; for (B), it 
was 0.75:1; for(C), 0.33:1. In (A), the concentration of the cis complex 
in the folding reaction was 2 nM in GroEL, 1 uM in OTC monomer; 
the tram complex was 1 nM in both. In (B), the corresponding concen- 
trations were 2 nM and 0.75 nM for cis, 1 nM for tram. In (C), they 
were 3.75 nM and 0.6 nM for cis, 3.75 nM for trans. At zero time (after 
equilibration at 37%), an aliquot was removed, and then ATP was 
added to initiate the folding reaction. At each time thereafter, an aliquot 
was removed, the folding reaction was quenched by addition of apy- 
rase, and OTC activity was determined after allowing at least 5 min 
for spontaneous assembly of the active OTC trimer. OTC activity (ordi- 
nate) is presented as the fraction of that activity achieved after a 15 
min folding reaction. For the cis complex in (A) and (B), this amount 
was 90%-100% of the input OTC activity; for cis in (C), this was about 
60% of the input, reflecting the inefficient assembly of OTC trimers 
at lower monomer concentrations (Zheng et al., 1993). For the tram 
complexes, total yield was about 50% in (A) and 30% in (9) and (C), 
reflecting both the limiting amount of GroES available for cycling and 
inefficient trimerization of OTC. 
caky when the substrate was bound by GroEL as com- 
pared with the substrate in denaturant (guanidine-HCI). 
In the case of pyrene, rhodanese anisotropy increased 
from 0.055 to 0.16; in the case of OTC, it increased from 
0.045 to 0.13. Interestingly, we found that both pyrene- 
rhodanese and OTC in cis ternary complexes also had 
high anisotropy values, of 0.155 and 0.125, respectively. 
These observations suggest that polypeptide bound at 
GroEL in the presence of ADP is held tightly, even in the 
cis ternary complex. 
Proteolytically Protected Substrate 
Can Be Reactivated 
While the cross-linking and proteolysis experiments argue 
strongly that both the cis ternary complex and the frans 
ternary complex are populated during folding, the func- 
tional relevance of these two complexes is unresolved. 
Taking advantage of the foregoing order of addition experi- 
ments, it was possible to produce largely homogeneous 
cis and tfans ternary complexes. Trans complexes were 
made by adding polypeptide to preformed GroEL-GroES 
complex. Cis complexes were produced by adding GroES 
to GroEL-substrate complex and removing peptide bound 
in trans by protease treatment. We tested directly the abil- 
ity of the cis and trans complexes to support the folding 
of OTC. OTC was chosen because earlier kinetic studies 
(Zheng et al., 1993) suggested that only a small number 
of rounds of ATP hydrolysis were required for full recovery 
of native OTC, thus making single turnover experiments 
feasible (see below). Nonetheless, under the folding condi- 
tions employed, productive folding of OTC is completely 
dependent on GroEL, GroES, and ATP hydrolysis. 
Addition of ATP to either preformed cis or trans ternary 
complexes resulted in the production of native OTC (Fig- 
ure 3A). The kinetics of folding from the Vans complex, 
however, were somewhat slower than from the cis com- 
plex. Interpretation of these results was complicated by 
the dynamic nature of the GroEL-GroES complex, as the 
ATP-induced release and rebinding of GroES would lead 
to the interconversion of cis and Vans complexes. To cir- 
cumvent these difficulties, folding studies were carried out 
with limiting GroES, as this would be expected to slow the 
rate of interconversion between cis and trans. Consistent 
with the notion that productive release can occur from the 
cis configuration, we observed that, even at low GroES 
to GroEL ratios (0.75, Figure 3B; 0.33, Figure 3C), a sub- 
stantial burst phase of folding was observed within 15 s 
after addition of ATP to the cis complex. By contrast, low- 
ering the concentration of GroES eliminated the burst 
phase and substantially slowed the rate of regeneration 
of native OTC from the Pans complex. Polypeptide is re- 
leased from the cis complex in a conformation that was 
apparently committed to fold, as inclusion of a 3-fold ex- 
cess of the polypeptide trap mutant N265A (Weissman et 
al., 1994) produced little or no reduction in recovered OTC 
activity(datanot shown). Importantly, the nonhydrolyzable 
ATP analog, ATP-yS, which is incapable of inducing the 
release of GroES (Todd et al., 1994), did not promote re- 
covery of OTC activity from either the cis or trans complex. 
These data argue that productive release of a polypeptide 
occursfrom theciscomplex. Astrictertest ofthisproposal, 
however, would be a single turnover experiment in which, 
for example, rebinding of GroES was prevented by the 
presence of a GroEL mutant that did not readily release 
GroES. 
A Designed Single-Ring GroEL Mutant Acts 
as a GroES Trap 
In a parallel experimental effort, a single-ring mutant of 
GroEL was designed based on the crystal structure of 
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GroEL (Braig et al., 1994). Four residues (R452, E461, 
S463, and V464) make the major contacts between the 
two rings of GroEL. A mutant was constructed in which 
residue 452 was replaced with Glu and residues 461,463, 
and 464 were replaced by Ala. Gel filtration and electron 
microscopy revealed that this mutant, termed SRl, was 
a single ring (Figure 4). 
For the studies at hand, the critical feature of the SRl 
mutant was that it could bind but not readily release 
GroES. In the presence of ATP, SRl formed a stable com- 
plex with GroES, observable in electron microscopy stud- 
ies (Figure 4C) and by gel filtration (data not shown). Direct 
measurement of the rate of release of metabolically 
35S-labeled GroES from SRl by competition with excess 
unlabeled GroES indicated that, in the presence of ATP, 
the rate of release of GroES from SRI was extremely slow 
(L/* = 300 min). By contrast, under these conditions, 
GroES was released from wild-type GroEL with a half-time 
of <l min. Consistent with the slow rate of GroES release, 
GroES was found to completely inhibit the ATPase activity 
of SRl, compared with the usual -50% reduction of the 
ATPase activity of wild-type GroEL by GroES. 
Figure 4. SRl GroEL Mutant Version Is a Single Ring 
(A) Gel filtration analysis of wild-type GroEL and SRI mutant. Purified 
proteins were applied alone or mixed in approximately equal amounts 
to a G4000SWxI HPLC column in buffer 8, and absorbance at 280 
nm was monitored. Wild-type GroEL (800 kDa) typically elutes at 13.7 
min, whereas SRl elutes at 15.0 min, a position corresponding to 
-400 kDa as determined from migration of protein standards. 
(B) Averaged side view of SRI, derived from 176 electron microscope 
images. 
(C) Averaged side view of 123 SRl-GroES binary complexes formed 
in the presence of ATP. 
For (B) and (C), unstained frozen-hydrated complexes were imaged 
at 18,000x magnification in vitreous ice at -170°C (see Experimental 
Procedures). In contrast with the usual four-stripe appearance of 
GroEL, where each pair of stripes represents the two domains of the 
GroELsubunits, onlytwo stripes were observed in SRI, corresponding 
to apical (A) and equatorial(E) domains of asingle ring. In the presence 
of GroES and Mg-ATP, the apical masses are reoriented upward and 
Polypeptides Are Productively Released 
from the cis Complex 
Taking advantage of the ability of SRl to act as a GroES 
trap, it was possible to examine the ability of cis or traans 
ternary complexes to promote folding of OTC in a single 
turnover. For these studies, homogeneous cis or trans 
ternary complexes were produced as described above, 
an excess of SRl was added to the mixture, and a folding 
reaction initiated with ATP. At various times, the reaction 
was quenched with the addition of apyrase, and the yield 
of native OTC as a function of refolding time was deter- 
mined by enzyme assay. 
Strikingly, we found that the productive release of OTC 
occurred exclusively from the cis complex (Figure 5). The 
kinetics and yield of active OTC from the cis complexes 
were unaffected by the presence of SRI (Figure 5A). By 
contrast, addition of SRI nearly completely inhibited fold- 
ing from the Vans complex (Figure 5B), thus supporting 
strongly the hypothesis that the folding from tram ob- 
served in the experiment in Figure 3 had resulted from 
release of GroES, formation of cis complex, and produc- 
tive release of OTC from the cis ternary complex. 
Discussion 
The Fate of a Polypeptide during a 
GroEL-Mediated Folding Reaction 
The experiments described above further define the path- 
way a polypeptide takes during a chaperonin-mediated 
folding reaction (Figure 6). At physiological ATP and ADP 
outward and fuse with the overarching mass recognizable as GroES. 
Similar apical domain changes have been reported for the GroES- 
bound end of asymmetric binary GroES-GroEL complexes (Chen et 
al., 1994). 
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Figure 5. Folding of OTC from cis and tram Ternary Complexes in 
the Presence of a GroES Trap 
Ternary complexes were formed as in Experimental Procedures using 
a GroES:GroEL ratio of 0.751. The concentration of the cis complex 
(A) in the folding reactions was 2 PM in GroEL, 0.75 frM in OTC mono- 
mer; for trams(B), it was 2 PM in both. The experiments labeled -SRl 
were carried out as in Figure 4; for those labeled +%I, the single-ring 
GroEL mutant SRI was added at 4 PM after forming the ternary com- 
plexes but before initiating the reaction with ATP. Below each data 
panel is a schematic illustrating the interpretation of the results. SRl 
is represented by the stippled single toroid; the other molecules are 
represented as in Figure 1. 
concentrations, GroEL and GroES form a stable but dy- 
namic complex (Martin et al., 1993; Todd et al., 1994). 
The asymmetric GroES-GroEL complex containing 
bound ADP is likely to act as the polypeptide acceptor 
state, as it is a relatively long-lived species and has high 
affinity for polypeptide (Burston et al., 1995). We find that 
polypeptide is initially bound exclusively to the GroEL ring 
not occupied by GroES (trans). This result is physically 
reasonable, as electron microscopy studies indicate that 
GroES caps one end of the cylinder (Saibil et al., 1991; 
lshii et al., 1992; Langer et al., 1992); this capping is ex- 
pected to prevent a peptide from accessing the peptide- 
binding regions within the central cavity at that end of the 
cylinder. 
During the folding cycle, however, release and rebinding 
of GroES allows the formation of a cis complex in which 
GroES and polypeptide bind to the same ring of GroEL. 
GroES acts as a cap in this cis complex as well, but here, 
instead of excluding polypeptide, it sequesters polypep- 
tide underneath it within thecentral cavity of GroEL. Earlier 
mutagenesis studies (Fenton et al., 1994) revealed that 
a hydrophobic patch on the inside surface of the apical 
domain of GroEL, facing the central cavity, is required for 
both polypeptide and GroES binding. Electron microscopy 
studies suggest that, in the GroEL-GroES complex, this 
apical surface has moved up and tilted out to make direct 
contact with GroES (Chen et al., 1994; see Figure 4C). 
Binding of GroES in the cis complex, through a hydropho- 
bic mobile domain of GroES (Landry et al., 1993), may 
therefore expel a polypeptide from the hydrophobic 
patches to which it was initially bound. Nonetheless, fluo- 
rescence anisotropy measurements suggest that, as in 
the other polypeptide-GroEL complexes, the polypeptide 
is held rigidly in the cis complex prior to binding of ATP. 
Productive folding from the cis ternary complex is in- 
duced by the binding and hydrolysis of ATP in the GroEL 
ring opposite that occupied by GroES and polypeptide. 
Hydrolysis of ATP in the trans ring induces release of 
GroES (Todd et al., 1994), but it also seems crucial to the 
dynamics of polypeptide folding, since simple removal of 
GroES with chelator does not produce native rhodanese 
or OTC from ternary complexes (Mendoza et al., 1991; 
Zheng et al., 1993). With ATP-driven release of polypep- 
tide, a fraction of the released molecules will reach the 
native state, while the remainder are rebound (Weissman 
et al., 1994). OTC is unusual in that a large fraction of 
the molecules fold after a single round of release. More 
typically, however, productive folding requires many 
rounds of ATP hydrolysis (e.g., Martin et al., 1991; Men- 
doza et al., 1991; Peralta et al., 1994). Thus, in general, 
it is likely that only a fraction of molecules will reach the 
native state after a single round of release from the cis 
complex. 
Bullets versus Footballs 
The present studies provide strong evidence for a func- 
tional role for asymmetric GroEL-GroES complexes (bul- 
lets) as a polypeptide acceptor state, as the asymmetric 
nature of this complex ensures that one of the two GroEL 
rings has its peptide-binding sites available. By contrast, 
the function of the symmetric complexes with GroES 
bound at both ends (footballs) remains unclear (Azem et 
al., 1994; Llorca et al., 1994; Schmidt et al., 1994b). Our 
studies indicate that formation of a football intermediate 
is not immediately required for productive release, as we 
obtain efficient folding from the cis ternary complex under 
conditions where it is not possible to form footballs (i.e., 
in the presence of either substoichiometric amounts of 
GroES [Figure 31 or a GroES trap [Figure 51). Nonetheless, 
it remains possible that transition from trans to cis com- 
plexes generally proceeds through a symmetric football 
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is highly dynamic with respect to GroES bind- 
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1993;Toddetal., 1994). Releaseand rebinding 
of GroES allow formation of a cis complex. Two 
possible routes are shown for the conversion 
of trans ternary GroEL-GroES-polypeptide 
complex to a cis complex (Todd et al., 1994). 
In the first, a transient state with no bound 
GroES is formed. In the second, a transient 
football state is formed with two bound GroES molecules. In the latter route, the second GroES obligatorily binds in cis to the peptide. The 
contribution of these two routes under physiological conditions is not known, although a symmetric football state is not required for release of 
GroES (Burston et al., 1995). Hydrolysis of ATP in the GroEL ring opposite to that occupied by GroES and polypeptide induces release of GroES 
and results in the productive folding of a fraction of the bound substrate. Release of substrate from the trans complex, either productively or in 
a form that can be rebound by other GroEL molecules (Weissman et al., 1994), might also occur. For a detailed kinetic description of the reaction 
cycle of GroEL, GroES, and ATP in the absence of polypeptide, see Burston et al. (1995) and Todd et al. (1994). 
intermediate. Formation of such a species would ensure 
that rebinding of GroES would occur on the same side as 
polypeptide and would account for the observed flip- 
flopping (Martin et al., 1993; Todd et al., 1994) of GroES 
between the GroEL rings. 
Is There a Size Limit to GroEL Substrates? 
The proposal that polypeptides are productively released 
from a sequestered position under GroES raises the possi- 
bility that there is a physical limit to the size of a polypeptide 
whose folding can be assisted by GroEL in a GroES- 
dependent manner. Examination of the crystal structure of 
unliganded GroELsuggests that, in the absence of GroES, 
polypeptides up to -35 kDa can be accommodated within 
a single ring of GroEL (Braig et al., 1994). Binding of 
GroES, however, induces a large conformational change 
in GroEL, leading to an approximate doubling of volume 
in the central cavity of the GroEL ring to which it is bound 
(Chen et al., 1994; Figure 4C). The known substrates of 
GroEL are generally small enough to be comfortably ac- 
commodated within the expanded volume of the GroEL- 
GroES complex. Notably, a number of proteins that are 
near or beyond the physical limit predicted to be accommo- 
dated under GroES are not assisted by GroEL and GroES, 
even though they can form stable complexes with GroEL. 
For example, the 60 kDa protein firefly luciferase 
(Schroder et al., 1993), the 124 kDa protein phytochrome 
photoreceptor (Grimm et al., 1993), and the 72 kDa tail- 
spike protein of phage P22 (Gordon et al., 1994) bind to 
GroEL but are not assisted in folding by GroES. Likewise, 
the 79 kDa protein methylmalonyl CoA mutase, which we 
observed by proteolysis to be unable to be accommodated 
under GroES (Figure 2C), is not productively folded by 
GroEL in vitro. Nonetheless, it remains possible that 
GroES could play a role in promoting the productive re- 
lease of some large polypeptides from a tfans configura- 
tion, although the molecular mechanics would differ from 
the c&sided release observed here. 
Models for GroEL Action 
Despite a large number of theoretical and experimental 
studies, the physical basis for how chaperonins convert 
the energy of ATP hydrolysis into an increased efficiency 
of protein folding is poorly understood. Several observa- 
tions argue against a solely passive mechanism for GroEL 
action and suggest that GroEL can, under some circum- 
stances, actively lower the free energy barrier to folding. 
First, GroEL has been observed in some instances to en- 
hance the rate of folding substantially (Viitanen et al., 
1991; Peralta et al., 1994; Todd et al., 1994). Second, 
GroEL effectively assists the folding of one well- 
characterizedsubstrate, mitochondrial malatedehydroge- 
nase (mMDH), at stoichiometries as low as 1:20 (Ranson 
et al., 1995). Under such conditions, at least 95% of the 
substrate must be unbound and in solution, so that the 
effect on the rate of aggregation by sequestration of pep- 
tide is negligible. Finally, GroEL has been observed to 
rescue stable folding intermediates of both mMDH (Per- 
altaetal., 1994)anddimeric RUBlSCO(Toddetal., 1994), 
which neither readily fold to the native state nor form irre- 
versible aggregates. The mechanism by which GroEL can 
accelerate folding without having any specific knowledge 
of the structure of the substrate is unclear. One possibility 
is that GroEL binds to and unfolds aggregation-prone or 
kinetically trapped intermediates. This model is supported 
by the finding that GroEL-mediated folding of RUBISCO 
(Todd et al., 1994) and rhodanese (Weissman et al., 1994) 
proceeds via multiple rounds of binding and release of 
nonnative forms and by a recent detailed kinetic analysis 
of GroEL-mediated folding of mMDH (Ranson et al., 1995). 
A second major unanswered question regarding the 
mechanism of GroEL action is whether substrate polypep- 
tides can pass through the folding transition state while 
remaining associated with GroEL. For the 12 kDa protein 
barnase, kinetic data support the proposal that folding can 
occur on GroEL (Corrales and Fersht, 1995). However, 
these reactions were carried out in the absence of GroES. 
Thus, their relevance to the c&sided folding reaction is 
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unclear. The finding that some substrates can be pro- 
tected from proteolysis while bound to GroEL has likewise 
been interpreted as indicating that a polypeptide can form 
significant structure while remaining associated with 
GroEL (Martin et al., 1991; Tian et al., 1995). In light of 
our results, however, the possibility that the protease pro- 
tection observed in those experiments resulted from a se- 
questering of polypeptide under GroES, rather than a 
change in polypeptide conformation, must be considered. 
Nonetheless, the finding that a substrate is contained 
within an enlarged GroEL cavity under GroES prior to pro- 
ductive release raises the possibility that a substrate can 
undergo at least partial folding prior to full release. Consis- 
tent with this, OTC is released from cis ternary complexes 
in a form committed to fold to the native state. Additionally, 
rhodanese released from GroEL is observed to undergo 
a kinetic partitioning in which - 20% of the molecules are 
released in a form apparently committed to fold to the 
native state. The ability to carry out single turnover experi- 
ments and measure time-dependent changes in the con- 
formation of the folding substrate should greatly help to 
resolve the issue of the extent of folding occurring at 
GroEL. 
Experimental Procedures 
Proteins 
Rat and human OTC were purified from liver as described previously 
(Hoogenraad et al., 1980). Bovine rhodanese was expressed in E. 
coli and purified as described previously (Weissman et al., 1994). To 
produce proteins metabolically labeled with [%]methionine, OTC, 
methylmalonyl CoA mutase, and rhodanese were expressed in E. coli 
from the respective cloned cDNAs in the presence of [%]methionine 
(>I000 Cilmmol, Amersham). Proteins were purified from inclusion 
bodies as described previously (Weissman et al., 1994). 
The SRI GroEL mutant was produced by oligonucleotide-directed 
mutagenesis of an expression plasmid bearing wild-type GroEL (Fen- 
ton et al., 1994). Unlabeled GroES, [=S]methionine-radiolabeled 
GroES, and the various forms of GroEL were overproduced and puri- 
fied as described (Fenton et al., 1994). Residual peptides bound to 
GroEL were removed by HPLC gel filtration (Tosohaas) either in the 
presence of buffer 6 (25 mM Tris [pH 7.4],50 mM KCI, 0.5 mM EDTA) 
plus 1 mM ATP and 5 mM MgCI, or in buffer B plus 20% methanol. 
Unless otherwise stated, all experiments were carried out at 23%, and 
all gel filtration separations were effected with a Tosohaas G4000SWxI 
column. 
Cross-Linking 
Production of Polypeptides Bearing Cross-Linker 
Substrate polypeptides bearing cross-linker were produced as de- 
scribed previously (Weissman et al., 1994), with the exception that 
urea was used instead of guanidine-HCI because residual guanidine- 
HClcaninducethereleaseofGroES(Toddand Lorimer, 1995; J. S. W. 
and A. L. H., unpublished data). Cross-linking studies were carried 
out as follows. First, 2 pl (iOO,OOO-500,000 cpm) of substrate bearing 
cross-linker was added to 200 pl of 125 nM GroEL, GroEL-GroES, or 
PK-marked GroEL-GroES in CK buffer (20 mM MOPS [pH 7.41, 100 
mM KCI, 5 mM MgCI?), supplemented with 5 mM ADP for the GroEL- 
GroES complexes. Second, where indicated, 5 mM ADP and 250 nM 
GroES were added, followed by a 5 min incubation. Third, a cross-link 
was induced by UV irradiation at 350 nm for 5 min, and where indicated, 
samples were PK treated either prior to or after cross-linking. Fourth, 
samples were passed over a gel filtration column. Fifth, samples were 
analyzed by SDS-PAGE, followed by autoradiography using a phos- 
phorimager (Molecular Dynamics). The Ml and M2 were produced 
by adding 2 ~1 of substrate bearing cross-linker to 200 ~1 of 125 nM 
unmodified or PK-treated GroEL, respectively, in CK buffer. The sam- 
ples were then subjected to cross-linking, followed by gel filtration 
and SDS-PAGE analysis as above. For all samples, PK marking was 
carried out on ice with the addition of 20 pglml PK and 5 min incubation, 
after which proteolysis was quenched by addition of PMSF to a final 
concentration of 5 mM. 
Protease Sensitivity 
Protease treatment of the various substrate-GroEL complexes was 
carried out by addition of PK to 200 nglml. At the indicated times, an 
aliquot was removed and quenched with PMSF. Samples were then 
analyzed by SDS-PAGE followed byautoradiography, and the fraction 
of full-length protein was determined by phosphorimager analysis. The 
various complexes were made as follows. For complex i, polypeptide- 
GroEL was produced by adding 4 pl (typically 0.5 pg) of [%]substrate 
in 8 M urea to 100 pg of GroEL in 300 pl of buffer A (25 mM Tris [pH 
7.41, 0.1 M KCI, 5 mM MgCI,), followed by gel filtration in buffer A 
(final volume 1 ml). Complex ii, GroES - polypeptide, was produced 
by mixing 40 pg of GroEL with 10 pg of GroES in 400 ~1 of buffer A 
containing 5 mM ADP and incubating for 5 min, followed by addition 
of 2 ~1 of [“Sjsubstrate in urea. After 5 min, precipitated substrate 
was removed by centrifugation. Complex iii, polypeptide - GroES, 
was produced by adding a 2.5-fold molar excess of GroES to complex 
i in the presence of 5 mM ADP. Note that in these experiments, there 
was always a large excess of GroEL to substrate. Thus, at most, one 
ring of GroEL was occupied by polypeptide. 
Fluorescence Anisotropy 
Pyrene maleimide-labeled rhodanese, p(pyr), was produced by incu- 
bating 50 pM rhodanese in buffer B containing 8 M guanidine-HCI with 
500 WM pyrene maleimide followed by purification by anion exchange 
chromatography. p(pyr)-GroEL complexes were produced by diluting 
80 pM p(pyr), in buffer B plus 6 M guanidine-HCI, 1 OO-fold into a 250 
PM solution of GroEL in buffer B. After 10 min, precipitated p(pyr) 
was removed by centrifugation, and the complex was purified by ion 
exchange chromatography. cis p(pyr)-GroEL ternary complex was 
produced by adding 0.5 PM GroES to 0.25 pM p(pyr)-GroEL in buffer 
B containing 5 mM ADP and 5 mM MgClz. After 5 min, samples were 
treated with 400 nglml PK for 10 min, followed by quenching with 
PMSF. The complex was then isolated by gel filtration using two 
“guard” columns (Tosohaas number T08543) run back to back with a 
running buffer of 25 mM Tris (pH 7.4), 50 mM KCI, 5 mM MgC12, 1 mM 
ADP. The concentration of GroEL complex for the anisotropy measure- 
ments was typically 0.25 PM. The measured anisotropy (r) was inde- 
pendent of protein concentration under these conditions. Anisotropy 
measurements were made in buffer B supplemented with 1 mM ADP 
and 5 mM MgCI, for GroEL-p(pyr) and cis p(pyr)-GroEL complexes, 
6 M guanidine-HCI for p(guanidine-HOI). OTC-GroEL and cis OTC- 
GroEL were produced as described below, except that after protease 
treatment cis OTC-GroEL was passed over a gel filtration column 
as described for cis p(pyr)-GroEL complex. Fluorescent anisotropy 
measurements were made on an SLM 4800C fluorimeter. 
Single-Ring GroEL Mutant 
All experiments with SFtl were carried out at 23% in 50 mM Tris (pH 
7.4), 5 mM KCI, 12 mM M&I,. ATPase activities of GroEL and SRl 
and GroES binding were examined as described previously (Fenton 
et al., 1994). 
Electron Microscopy 
Binary complex was formed by adding GroES (5-fold molar excess) 
to a solution containing 1 mglml SRl in standard microscopy buffer 
(20 mM Tris [pH 7.41, 10 mM ammonium acetate, 5 mM KCI, 5 mM 
MgClz) and 1 mM ATP. Unstained samples were flash-frozen in liquid 
ethane and imaged at -170% on a JEOL 1200 EX electron micro- 
scope at 120 kV using an Oxford Instruments cryotransfer stage. The 
images were recorded with an electron dose of 10 e + and with a 
defocus range of 500-800 nm at 30,000 x on Agfa EM film. The nega- 
tives were digitized with a CCD camera at a final resolution of 5.6 A 
per pixel. Image alignment and averaging were done by using the 
SEMPER software system as in Chen et al. (1994). 
OTC Folding 
Rat OTC was unfolded by incubation in 0.1 M glycine-phosphate (pH 
2.5). To form cis complexes, a 5-fold excess of unfolded OTC was 
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added to GroEL in RB (50 mM Tris [pH 7.61, 12 mM MgCb, 5 mM KCI) 
and incubated for 15 min; the unbound, precipitated OTC was removed 
by centrifugation. The soluble complex was incubated for 15 min in 
RB containing 1 mM ADP and GroES at a ratio of 2:1, 0.75:1, or 
0.33:1 to GroEL, as indicated. Trypsin (- I:250 trypsin:GroEL) was 
added, the solution was incubated for 4 min, and then proteolysis was 
quenched with a IO-fold excess of soybean trypsin inhibitor. To form 
rranscomplexes,GroELwasfirstincubaiedfor 15min in RBcontaining 
1 mM ADP and the required ratio of GroES as above. A 5-fold excess 
of OTC was added, the mixture incubated for 15 min, and unbound, 
precipitated OTC was removed by centrifugation. All manipulations 
were carried out at 23°C. In the single turnover experiments, a 2-fold 
excess of SRI was added to ternary complexes before initiating 
folding. 
To initiate folding, ternary complex (1-4 pM in RB) was equilibrated 
at 37%, and ATP (10 mM) was added. Aliquots (2 ul) were removed 
at zero time (prior to ATP) and at the times indicated and quenched with 
1 U of apyrase (grade VI, Sigma). Assembly was allowed to proceed for 
at least 5 min, and then the aliquots were further diluted with 100 
ug/ml bovine serum albumin and assayed (Zheng et al., 1993). 
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